Steroid receptor coactivator-1 (SRC-1) family members interact with steroid receptors, including estrogen receptor ␣ (ER␣) and progesterone receptor (PR), to enhance ligand-dependent transcription. However, the expression of ER␣ and SRC-1 was found to be segregated in distinct subsets of cells within the epithelium of the estrogenresponsive rat mammary gland. This finding was in contrast to the finding for the stroma, where significant numbers of cells coexpressed ER␣ and SRC-1. Treatment of animals with estrogen induced PR expression in the ER␣-expressing mammary epithelial cells in the absence of detectable SRC-1 and did not affect the segregated pattern of SRC-1 and ER␣ expression. PR was neither expressed nor induced by estrogen treatment in stroma, despite the coexpression of ER␣ and SRC-1. These results suggest that SRC-1 is not necessary for ER␣-mediated induction of PR in mammary epithelial cells and is also not sufficient for PR induction in stromal cells expressing both ER␣ and SRC-1. Furthermore, the expression of SRC-1 in a subpopulation of mammary epithelial cells distinct from those expressing ER␣ or PR raises the possibility that SRC-1 has cell type-specific functions other than simply to act as coactivator for ER␣ or PR in the mammary epithelium.
Ovarian steroids play a critical role in mammary gland development, acting through specific receptors expressed in target cells. When steroid receptors become bound to hormones, the receptors undergo a conformational change, bind to their cognate DNA response elements in target genes, recruit coactivators and general transcription factors, and subsequently activate target gene expression. Several coactivators have been cloned, and many of these coactivator proteins were initially identified biochemically as nuclear receptorinteracting proteins of approximately 160 kDa based on their ability to interact with agonist-bound estrogen receptor ␣ (ER␣) (1, 2) . To date, three distinct but related p160 family members have been identified, with each family member having a number of splice variants. This family includes steroid receptor coactivator-1 (SRC-1) [also designated nuclear receptor coactivator 1 (NCoA-1)], glucocorticoid receptorinteracting protein 1 (GRIP1) [also designated nuclear receptor coactivator 2 (NCoA-2), transcriptional intermediary factor 2 (TIF2), or steroid receptor coactivator-2 (SRC-2)], and p300͞cAMP response element-binding protein (CREB)-binding protein cointegrator associate protein (p͞CIP) [also designated amplified in breast cancer-1 (AIB1), receptorassociated coactivator 3 (RAC3), activator of thyroid and retinoic acid receptor (ACTR), thyroid hormone receptor activator molecule 1 (TRAM-1), or steroid receptor coactivator-3 (SRC-3)] (3) (4) (5) (6) (7) (8) (9) (10) (11) . Members of this SRC-1 family have been shown to act as coactivators for steroid, retinoid, and thyroid hormone receptors, perhaps by modifying transcriptionally repressed chromatin or by enhancing stabilization of transcriptional preinitiation complexes (12) (13) (14) . This coactivation function is mediated through direct ligand-dependent interaction with these receptors, which enhances the liganddependent transcription of target genes (15) . Factors such as p300 and CREB-binding protein have been identified as part of the coactivator complex, functioning as a point of integration between ER␣ and other signaling pathways (16) (17) (18) . The enhancement of the transcriptional activation of the steroid receptor superfamily by SRC-1 family members (19) (20) (21) , as demonstrated in transfection experiments, suggests a potential role of SRC-1 family members in the development of normal estrogen target tissues and potentially in breast cancer formation. This is supported by the phenotype of SRC-1 null mice (22) , which exhibit decreased growth and development of target organs (such as the uterus, prostate, testis, and mammary gland) in response to steroid hormones and by the finding of amplification of the SRC-1 family member AIB1 in some breast cancers.
Given the ability of SRC-1 to interact directly with steroid receptors and to enhance steroid receptor-dependent signaling, we expected that SRC-1 would be expressed in the same cells as the activator proteins such as ER␣ or progesterone receptor (PR) in normal hormone-responsive tissues. Although SRC-1 mRNA was detected in many tissues and cell lines (8, 23) , the expression of SRC-1 protein at the cellular level has not previously been addressed. Experiments were designed to test the hypothesis that SRC-1 was expressed in the same cells as the ER␣ or PR. We chose the rat mammary gland as the model system because the development of the mammary gland is influenced by hormonal and growth factor signals, and this estrogen-responsive tissue has been a unique organ for the study of hormonal action, development, and tumorigenesis (24) (25) (26) . The essential role of ER␣ and PR in mammary gland development has been confirmed by knockout mice lacking functional receptors. ER␣ knockout mice display grossly impaired ductal epithelial proliferation and branching (27, 28) , and PR knockout mice display significant ductal development but decreased arborization and an absence of alveolar differentiation (29) . To determine the precise localizations of ER␣ and SRC-1 within the mammary gland, we examined the expression of ER␣ and SRC-1 in the rat mammary gland by immunohistochemistry.
MATERIALS AND METHODS
Animals. Wistar-Furth and Sprague-Dawley female rats were purchased from Harlan Sprague-Dawley (Indianapolis) and treated according to National Institutes of Health and University of Virginia guidelines for the care and use of animals. An s.c. injection of 1 g of estrogen benzoate or vehicle (sesame oil) was given to the rats. Later (24 h), the mammary gland and uterus were removed and processed for antibody staining or Western blot analysis.
Generation of Antibody. Human SRC-1 from amino acid 363 to the carboxyl terminus was fused to glutathione S-transferase (GST), and Escherichia coli-expressed GST-SRC-1 fusion protein was used to generate the monoclonal SRC-1 antibodies (GT12 and GT111). Tissue culture supernatants of GT12 and GT111 were used for both Western blot analysis and immunohistochemical staining.
Western Blot Analysis. Whole uterine tissue lysate was prepared by homogenization in RIPA buffer (50 mM Tris⅐HCl, pH 7.5͞1 mM EDTA͞150 mM NaCl͞1% Triton X-100͞1% deoxycholic acid͞1 mM DTT͞1 g/ml leupeptin͞1 g/ml aprotinin͞100 g/ml PMSF). Protein of whole cell lysate (300 g) was separated by electrophoresis on 7.5% polyacrylamide gels containing 1% SDS. Western blot analysis was carried out according to procedures previously published (30) with GT12 at a 1:10 dilution.
Immunohistochemistry. An indirect immunoperoxidase method was used to identify ER␣-, SRC-1-, or PR-positive cells. Tissues were fixed in cold 2% paraformaldehyde in PBS for 2 h, and 5-m paraffin sections were heated in a microwave oven (900 watt, high power) in 10 mM citric buffer, pH 6.0, for antigen retrieval, treated with 0.3% H 2 O 2 in methanol, and blocked with avidin D͞biotin blocking solutions. Sections were then incubated with appropriate 10% normal serum, primary antibodies, appropriate secondary biotinylated antibodies, avidin-biotin complex, and diaminobenzidine substrates. ER␣ was detected with a rabbit anti-ER␣ IgG (MC-20; 1:400; Santa Cruz Biotechnology) or a mouse anti-ER␣ IgG (6F11; 1:50; NovoCastra, Newcastle, U.K.). SRC-1 was detected with mouse anti-SRC-1 antibodies (GT12; 1:2 or GT111; 1:1) or a goat anti-SRC-1 IgG (M-20; 1:50; Santa Cruz Biotechnology). PR was detected with a mouse anti-PR IgG (MA1-410; 1:25; Affinity BioReagents, Neshanic Station, NJ).
For SRC-1͞ER␣ dual immunofluorescent labeling, sections were incubated sequentially with GT12 ( 
RESULTS
Expression of SRC-1 and ER␣ in Mammary Gland. Human SRC-1 from amino acid 363 to the carboxyl terminus was fused to GST, and the GST-SRC-1 fusion protein was used to generate the mouse monoclonal antibodies GT12 and GT111. The ability of the mouse monoclonal antibody GT12 to specifically recognize rat SRC-1 was confirmed by Western blot analysis in which a single 160-kDa band was detected ( (Fig. 1B, arrows) . The ER␣-positive cells were found in a layer closer to the basement membrane, and the SRC-1-positive cells existed in a more luminal layer. Control specimens stained with antibodies previously preabsorbed by the GST-SRC-1 fusion protein (Fig. 1Cb) or the ER␣-specific MC-20 antigen (data not shown) yielded only background staining. Preabsorption of the GT12 antibody with GST protein alone did not diminish the specific immunostaining signal (data not shown). To ensure that the immunostaining profile was valid, we tested a second SRC-1 monoclonal antibody, GT111, and observed the same staining pattern (data not shown). In addition, we tested a goat anti-SRC-1 IgG (M-20; epitope corresponding to mouse amino acids 1386-1405) that recognizes a different portion of SRC-1 than GT12 or GT111 and again saw the same pattern of staining (Fig.  1Cd) . As anticipated, the immunoreactivity could be eliminated by preabsorption of this antibody with the specific SRC-1 peptide antigen (Fig. 1Ce) . The SRC-1 M-20-specific peptide did not compete with the stained signal detected by GT12 (Fig.  1Cf ) , confirming that M-20 and GT12 indeed recognize different epitopes of the rat SRC-1 protein.
We and others previously found that ER␣ was expressed in only a subset of cells in mammary epithelium (Fig. 1 Ba-Bc, arrows) (31, 32) . In this study, we found that SRC-1 was also expressed in only a subset of mammary epithelial cells, with distinct patterns of expression when compared with ER␣ expression (Fig. 1 Bd-Bf, arrows). The percentage of mammary epithelial cells from 3-week-old female rats expressing ER␣ or SRC-1 in the main ducts, small ducts, and end buds is quantitated in Table 1 . We found that ER␣ was most highly expressed in the small ducts and end buds, and SRC-1 was expressed in a complementary fashion, with the main duct epithelium having the highest percentage of SRC-1 positive cells. These initial results suggested that ER␣ and SRC-1 might have distinct patterns of expression within the mammary epithelium.
Discrete Pattern of SRC-1 and ER␣ Distribution in Mammary Gland. To test whether ER␣ and SRC-1 are expressed in the same or different mammary epithelial cells, we undertook dual immunofluorescent labeling studies with a combination of rabbit anti-ER␣ (MC-20) and mouse anti-SRC-1 (GT12) antibodies. The immunostaining signals were detected by FITC-conjugated anti-rabbit IgG in green for ER␣ (Fig. 2 Aa, Ad, and Ag) and biotinylated anti-mouse IgG and Texas Red-conjugated streptavidin in red for SRC-1 (Fig. 2 Ab, Ae, and Ah). Surprisingly, we found that cells expressing SRC-1 are nearly completely segregated in the mammary epithelium from cells expressing ER␣ in all regions of the mammary gland examined, including the main ducts (Fig. 2 Aa-Ac), small ducts ( Fig. 2 Ad-Af ), and end buds (Fig. 2 Ag-Ai). Merging the two images (Fig. 2 Ac, Af, and Ai) revealed only very rare cells coexpressing ER␣ and SRC-1 as would be indicated by a yellow signal. When these results were quantitated, less than 2% of the mammary epithelial cells in ducts or end buds expressed both ER␣ and SRC-1 (Table 2 ). These immunostaining results were confirmed with a second set of antibodies that recognize different epitopes of SRC-1 and ER␣ (Fig. 2B) . In these fluorescent images from immature rats, it appears as though ER␣ and SRC-1 define two distinct layers in the ductal epithelium. This is consistent with our initial observation (Fig.  1B) . The ER␣-positive cells are found in a layer closer to the basement membrane, whereas the SRC-1-positive cells exist in a more luminal layer, suggesting that SRC-1 and ER␣ are markers of distinct subpopulations of the mammary epithelium.
We next examined whether the expression of ER␣ and SRC-1 was mutually exclusive in all cell types within the mammary gland. In contrast to the mammary epithelium, a substantial number of cells within the mammary stroma expressed both SRC-1 and ER␣ (Fig. 2C) , implying a potential different function for SRC-1 in the mammary epithelium compared with mammary stroma. In addition, we examined whether the segregation of ER␣ and SRC-1 expression to distinct cells in the mammary epithelium was unique to early postnatal mammary development in the rat or was preserved in adult rats. We found that, as was the case in immature rats, ER␣ and SRC-1 were not coexpressed in the same cells in the mammary epithelium of mature virgin female rats (Fig. 2D ). This finding indicates that the segregation of expression of ER␣ and SRC-1 was not altered during the maturation of the mammary gland under the control of ovarian steroids.
Estrogen-Stimulated PR Induction Does Not Require SRC-1. The discovery of a subpopulation of mammary epithelial cells expressing ER␣ but lacking SRC-1 allowed us to ask whether SRC-1 expression was required for one of the critical ER␣ functions in the epithelium of the mammary gland, namely, the induction of PR. The PR gene has been shown to be a direct target of ER␣ regulation, is detected only in a subset of epithelial cells of the mouse mammary gland, and has been colocalized to ER␣-expressing cells in normal human breast epithelium (33) (34) (35) . Immature female rats were treated with vehicle alone (Fig. 3 Aa-Ac) or with estrogen benzoate (Fig. 3 Ad-Af ) and the expression of SRC-1, ER␣, and PR was examined in the mammary gland. We found that, as with mature rats, exposure of the mammary epithelium to estrogen did not alter the segregated pattern of expression of SRC-1 and ER␣ (Fig. 3 Aa and Ad). In vehicle-treated animals only a minority of mammary epithelial cells expressed PR, and these were also uniformly ER␣-expressing cells (Fig. 3Ab) . Significantly, treatment of animals with estrogen led to a striking increase in the proportion of cells in which PR was detectable, and again these were exclusively the ER␣-positive cells (Fig.  3Ae) . Consistent with the coexpression of ER␣ and PR and the segregated pattern of expression of ER␣ and SRC-1, PR and SRC-1 expression was also mutually exclusive ( Fig. 3 Ac and Af ) in the mammary epithelium. No PR was detected in the stromal compartment of the rat mammary gland and estrogen treatment did not induce PR expression in these stromal cells expressing both ER␣ and SRC-1 (Fig. 3 B and C ; data not Table 2 . ER␣ and SRC-1 immunoreactive cells on dual fluorescent labeling in the epithelium of mammary gland in 3-week-old female rats Cells expressing immunoreactive ER␣, SRC-1, or both were counted from various regions (end buds, small ducts, and main ducts) of the mammary glands as indicated in Fig. 2A . shown), suggesting that coexpression of ER␣ and SRC-1 was neither necessary nor sufficient to induce PR expression.
DISCUSSION
SRC-1 has been identified as a coactivator for ER␣ based on its ability to interact directly with agonist-bound ER␣ and to potentiate ER␣-dependent signaling in transient transfection experiments. The coactivation function of SRC-1 has also been documented for PR. Hence, we expected that SRC-1 would be expressed in the same cells in which ER␣ or PR was present in normal hormone-responsive tissues. In this study, we found unexpectedly that expression of SRC-1 and ER␣ is segregated in the rat mammary epithelium, an estrogen-responsive tissue.
In addition, we have demonstrated that induction of PR expression in mammary epithelium does not require coexpression of SRC-1 and that the presence of SRC-1 in stromal cells coexpressing ER␣ was not sufficient to facilitate PR induction by estrogen. Finally, the pattern of expression of ER␣ in cells closer to the basement membrane and the contrasting expression of SRC-1 in cells that are more luminal implies the existence of at least two distinct cell subpopulations in the rat mammary ductal epithelium.
The recent description of SRC-1 null mice suggests that SRC-1 is required for efficient proliferation and differentiation of the mammary gland in response to estrogen and progesterone, because the mammary glands of these mice showed less alveolar development during pregnancy and responded to estrogen and progesterone treatment with only partial ductal growth (22) . Our results here, showing that SRC-1 and ER␣ (or PR) are expressed in distinct subpopulations of mammary epithelial cells and that the coexpression of SRC-1 and ER␣ does not facilitate the PR gene expression in mammary stromal cells, are in concert with the mammary gland phenotype observed in the SRC-1 null mice. Because SRC-1 and ER␣͞PR are expressed in distinct cells within the mammary epithelium, SRC-1 is apparently not directly involved in estrogen-or progesterone-initiated signaling in the mammary epithelium. This strongly indicates that, conversely, the role of SRC-1 in morphogenesis of the epithelium is likely to interact with other signaling molecules whose identities remain to be defined. To the extent that morphogenesis is affected in the SRC-1 null mice, it remains unclear whether this is caused by a malfunctioning of the SRC-1-positive epithelial cells, the SRC-1-positive stromal cells, or both. Paracrine effects including epithelial-stromal and epithelialepithelial interactions have been implicated in the action of ovarian steroids in the morphogenesis of the normal breast (33) (34) (35) (36) (37) (38) (39) and could play a role in the mammary gland phenotype observed in SRC-1 null mice.
The demonstration that the segregation of expression of ER␣ and SRC-1 was not altered during the maturation of the mammary gland under the control of ovarian steroids indicates that ovarian steroids are not able to increase the expression of SRC-1 in ER␣-positive cells to potentiate the estrogen signaling. In the immature gland, two distinct layers of epithelial cells were clearly visualized in small ductal areas (Fig. 2B) . Maturation of the mammary gland after puberty results in a less clear distinction of the layers of epithelial cells in small ductal areas (Fig. 2D) . Interestingly, SRC-1-expressing cells are still adjacent to the ER␣-expressing cells in adult rats. This suggests that the organization of the mammary epithelium may be important in mediating its complex paracrine response to estrogen. In addition, SRC-1 and ER␣ can serve as cellular markers of distinct subpopulations of the mammary epithelium, with unknown function.
Our observations that PR was not induced in ER␣-and SRC-1-coexpressing stromal cells or in SRC-1-expressing epithelial cells during estrogen treatment support the hypothesis that SRC-1-coactivating function for ER␣ is neither necessary nor sufficient for PR expression in normal mammary gland. It is possible that other SRC-1 family members such as glucocorticoid receptor-interacting protein 1͞transcriptional interme- (22) . Examination of the expression of other SRC-1 family members in ER␣-positive cells will be necessary to test this hypothesis. In vitro studies suggest that SRC-1 could partner with various nuclear receptors for its coactivation function. Based on our observation that SRC-1 is segregated from ER␣ and PR in mammary epithelium, it is interesting to speculate that SRC-1 may have cell-or tissue-specific partners for its coactivation function. The second form of ER, ER␤ (40) , or other nuclear receptors could be the partner for SRC-1 coactivation function in the mammary gland. On the other hand, we have found that the segregation of SRC-1 from ER␣ is tissue-specific and may serve to expand the spectrum of hormonal response in various estrogen target organs. This view is supported by our observation that in uterine epithelium SRC-1 and ER␣ are colocalized in the vast majority of uterine epithelial cells (M.-H.J., unpublished data).
One possible limitation of our findings, which are based on immunohistochemical staining, is that cells expressing extremely low levels of SRC-1 or ER␣ might not be detectable by this technique. We cannot rule out the possibility that levels of SRC-1 undetectable by immunohistochemical means may be sufficient for coactivation in cells expressing a high level of ER␣. However, estrogen-stimulated PR induction occurred only in mammary epithelial cells expressing ER␣ but not in adjacent cells where the SRC-1 was easily detectable. Rather than playing the role of an ER␣ or PR coactivator in cells in which it cannot be detected, it is more likely that SRC-1 is in fact playing some cell type-specific role in the mammary epithelial cells, which do express SRC-1 to high levels. This view is further supported by the observation that PR was not induced in stromal cells that coexpressed both ER␣ and SRC-1. Our data strongly suggest a potential cell type-specific role of SRC-1 that does not involve direct interaction of SRC-1 with ER␣ or PR.
Finally, although ER␣ and SRC-1 are not coexpressed in the normal mammary epithelium, it is interesting to speculate, given the finding of amplification of the SRC-1-related gene AIB1 in some breast cancers (7) , that the ectopic coexpression of ER␣ and an SRC-1 family coactivator may play a role in the growth stimulatory properties of estrogen in breast cancer.
